Background To avoid ischemic necrosis, compartment syndrome is a surgical emergency treated with decompression once identified. A potentially lethal, oxidantdriven reperfusion injury occurs after decompression. Nacetylcysteine is an antioxidant with the potential to attenuate the reperfusion injury.
Introduction
Acute compartment syndrome (CS) is a condition in which the circulation and function of tissues in an enclosed space are compromised by increased pressure in that space [31] . In clinical practice, fasciotomy remains the only proven treatment of CS [31, 47] . Promptly establishing the diagnosis of CS and timing appropriate surgery remain important clinical challenges [31, 34, 47] ; however, fasciotomy is not an entirely benign procedure and is associated with substantial morbidity locally and systemically and with potential mortality [34, 47] . The most important predictor of outcome after CS is time to decompression [40, 48] .
Ischemia-reperfusion injury (IRI) causes local and distant organ injury mediated largely by activated neutrophils [1-3, 5, 10, 12, 58] . Locally, after reperfusion, activated neutrophils cause additional injury to the already ischemic striated muscle through the release of reactive oxygen species (ROS) and proteolytic enzymes [12, 37, 55, 57] . Systemic neutrophil infiltration after IRI manifests as sequestration in distant organs, such as lungs and kidneys [26, 59] . Although there are similarities between IRI and CS-induced striated muscle injury, important differences do exist between the pathophysiologic features of these conditions [20] . In particular, the elevated tissue pressure in a confined space, as occurs in CS, acts synergistically with ischemia to produce a more severe degree of cellular deterioration than ischemia alone [18, 19] . The increased metabolic insult that results from elevated compartment pressure and local microvascular occlusion in CS may render simple tourniquet models, which cause total tissue ischemia attributable to isolated macrovascular compression, less clinically relevant [20] . A clinical feature of early CS, which distinguishes it, for example from acute ischemia, is maintenance of distal pulses indicating patent macrovasculature; that is, in early CS the macrovasculature is intact. A custom-built chamber has been described that is designed to apply external compression to the muscle above the critical closing pressure (DP) [9, 11] , resulting in microvascular occlusion without occluding the macrovascular supply in the neurovascular pedicle ( Fig. 1 ). We believe this replicates more closely the physiologic conditions encountered in early CS than tourniquet models [16, 25, 31] .
Various antioxidant therapies reportedly prevent distant organ and local skeletal muscle injury after IRI [4, 33, 37, 55, 56] . N-acetylcysteine (NAC) is one such antioxidant [28, 44] . In clinical practice, NAC is used primarily to reduce hepatocyte injury after acetaminophen overdose [14, 42] . NAC also has been used as nephroprotective prophylaxis before administration of radiographic intravenous contrast in patients with renal impairment [52] . It protects lung epithelial cells against oxidant injury mediated by activated neutrophils in vitro and against pulmonary oxygen toxicity in vivo [6, 36, 45, 54] . NAC also reduces oxidative burst activity but enhances phagocytosis in rodent and human neutrophils [13, 17] . NAC is particularly suitable for the attenuation of oxidant-mediated injury as it not only has a direct antioxidant effect by means of free-radical scavenging properties but also replenishes depleted cellular glutathione stores restoring intrinsic cellular antioxidant defenses [6, 13, 32, 50] . The widely accepted use of NAC in current clinical practice confers an additional advantage for its potential use in the context of CS, IRI, or trauma, as the toxicity profile of the drug is well established and clinicians already are experienced in its use.
We hypothesized parenteral NAC in the context of CS in a rodent model would (1) preserve striated muscle contractility; (2) decrease neutrophil sequestration (myeloperoxidase activity [MPO]); and (3) reduce neutrophil respiratory burst activity.
Materials and Methods
We randomized 57 Sprague-Dawley rats (weight, 300-400 g) into three groups according to the timing of postoperative sample analysis: one group assessed after 1 hour of reperfusion (n = 18), one group assessed 24 hours after reperfusion (n = 24), and one group assessed 7 days after reperfusion (n = 15) ( Fig. 2 ). The animals assigned to each of these three groups then were randomized into subgroups: a control subgroup, a CS subgroup, and an NAC pretreatment subgroup at each time (CS + NAC). The 24-hour group had an additional fourth subgroup given NAC at the time of CS decompression (CS + NACd). Animals in the NAC pretreatment groups received 0.5 g NAC per kg intraperitoneally 1 hour before induction of anesthesia whereas rats in the posttreatment group received the same dose intraperitoneally after muscle decompression; this dose reportedly reduces neutrophil infiltration in a murine model [39] . A power analysis was performed using the effect of NAC on twitch contractile function as the primary research question. Previous investigators showed NAC to reduce neutrophil infiltration and creatine phosphokinase by greater than 50% in a rat hindlimb IRI model [28] . We presumed this would correspond to an improvement in muscle contractile function. From previously published research, the mean contractile force 1 hour after exposure to CS was 47.0 g (SD, 14.45 g) reduced from a peak contractile force of 160.7 g in the control group [27] . We estimated 25% preservation of contractile force would equate to a clinically relevant treatment effect. This corresponds to a 28.4 g difference in contractile force between the CS + NAC and CS groups in our study. With a sample size of six animals per group and alpha value of 0.05, the power of this study to identify this difference was 85.2%. All rats were bred, housed, and fed in an approved facility. The experimental work was performed with the appropriate license. All animals were anesthetized with inhalation of halothane, temperature was maintained using a heating lamp, and rats were monitored using a rectal thermometer. All animals underwent orchidectomy with isolation of the cremaster muscle on its neurovascular pedicle using a previously described technique [27] . The cremaster was introduced into the CS simulation chamber (Fig. 1 ). Arterial blood pressure was measured throughout the experiment by a carotid cannula. In the CS and CS + NAC groups, elevating chamber pressure to 10 mm Hg below diastolic blood pressure for 3 hours simulated CS. The pressure then was released simulating fasciotomy. For control animals, the chamber pressure was not elevated. In the 1-hour groups, the cremaster was reperfused for 1 hour after CS release. Muscle then was divided and samples collected for contractility and tissue MPO activity testing. After removal from the CS simulation chamber in the 24hour and 7-day groups, the muscle was placed in the abdominal cavity via the superficial inguinal ring. A suture was placed in the muscle to facilitate retrieval and the skin was closed. Animals were resuscitated, given intramuscular analgesia (buprenorphine 0.03 mg), and returned to their cages. They were reanesthetized after 24 hours or 7 days for sample retrieval. In the 24-hour group, samples were collected for assessment of muscle contractility, weight, and tissue MPO activity. In the 7-day group, contractility was the only outcome measure assessed.
A longitudinal strip of muscle 2.5 cm 9 0.5 cm was isolated from a central area of the cremaster muscle parallel to the raphe to ensure consistent fiber alignment. This was used to assess muscle twitch and tetanic contractile force in all groups. The strip was maintained at 37°C in a bicarbonate buffer solution and the pH was corrected to 7.3 to 7.4. The pH and O 2 saturation were maintained by constant aeration with a 95% O 2 , 5% CO 2 gas mixture. The muscle strip was mounted, with its long axis in the vertical plane, and suspended between two vertical platinum electrodes approximately 1 cm apart and lowered into a 50-mL water-jacketed glass tissue chamber (Fig. 3) . Specimen tension was adjusted to ensure optimum fiber length using a micropositioning device. The optimum tension was determined as that resulting in the maximum contractile force for a given stimulus. The muscle was stimulated using supramaximal pulses (20 V, 2-ms square wave, 40 Hz) obtained from a pulse generator. The isometric contraction of each muscle strip was assessed in response to a timed series of twitch and tetanic electrical stimuli. We measured muscle contractile force using a force transducer and computerized data acquisition program. Twitch and tetanic muscle contractile function were expressed as peak tension achieved in grams of force. After function testing, we weighed the muscle strip to calculate force per gram of tissue.
MPO measurement is a reliable method of quantitatively assessing tissue neutrophil sequestration [29] . We homogenized the muscle in 10 mL of 20 mmol/L potassium phosphate buffer (pH 7.4) containing 0.1 mmol/L EDTA. The homogenate was centrifuged at 20,000 g for 10 minutes at 4°C to pellet the insoluble cellular debris. The samples were freeze-thawed twice. The samples were assayed spectrophotometrically for MPO activity by incubating 10 mL of the homogenate with 290 mL of a solution containing 2.9 mL O-dioniside dihydrochloride in 90 mL distilled water, 10 mL of 50 mmol/L potassium phosphate buffer (pH 6), and hydrogen peroxide. The change in absorbance with time then was measured at 450 nm. We defined one unit of MPO as that degrading 1 mmol of peroxide per minute at 25°C.
We determined the effect of NAC on the neutrophil respiratory burst activity using a separate experiment. Ten The muscle sample was mounted as shown and lowered into the tissue chamber. Optimal fiber length of the specimen was determined using a micropositioner to identify the length producing maximal contractile force. Measurements were taken using an isometric force transducer. animals were randomized to control (n = 5) or to undergo administration of 0.5 mg/kg intraperitoneal NAC (n = 5). No operation was performed on these 10 animals. Blood was drawn 4 hours after NAC administration by cannulation of the right ventricle under halothane anesthesia. Respiratory burst activity was assessed using flow cytometry (BURSTTEST; Orpegen, Heidelberg, Germany) to determine leukocyte oxidative and enzymatic activity using dihydrorhodamine 123 (DHR123) as the fluorogenic substrate [41] . Whole blood (100 lL) was incubated alone (unstimulated neutrophils) or with 10 lL rat serum opsonized Escherichia coli (stimulated neutrophils) for 10 minutes. Ten microliters of DHR123 was added and incubation continued for an additional 10 minutes. The analysis was performed on a cytofluorometer detecting mean channel fluorescence (mcf). A minimum of 5000 cells was collected and analyzed using Lysis TM II software (Becton-Dickinson, San Jose, CA).
We determined differences in contractile force at each time between each of the subgroups. The data for twitch contractile force were normally distributed; however, the results for tetanic contractile force were skewed and we therefore performed log transformation before additional analysis. We determined differences in twitch and tetanic contractile forces between control, CS, CS + NAC, and CS + NACd subgroups at each relevant time using ANOVA for the comparison of multiple means with post hoc Tukey test analysis. The MPO data were skewed and underwent log transformation before analysis. We determined differences in muscle MPO activity between subgroups at 1 hour and 24 hours using one-way ANOVA. The Tukey test was used for post hoc analysis of significant results. For respiratory burst activity, we determined the difference in the effects of NAC on the stimulated and unstimulated neutrophil populations using Student's unpaired t test. Statistical analyses were performed using MacLab TM /2e Chart and Scope (ADInstruments Ltd, Chalgrove, UK).
Results
One hour after simulated fasciotomy, CS impaired twitch and tetanic muscle contractile force compared with controls ( Table 1 ; Figs. 4, 5 ). NAC attenuated this negative effect for twitch and tetanic stimuli. At 24 hours after simulated CS release, twitch and tetanic contractile function were impaired compared with those of controls. NAC attenuated twitch and preserved tetanic contractile force, whether given before or after decompression of CS. Seven days after decompression of CS, muscle twitch and tetanic contractile function were reduced compared with those of controls, but this effect was attenuated in the animals given NAC.
Muscle MPO activity was increased compared with that of controls 1 hour after simulated release of CS, indicating an increase in muscle neutrophil infiltration (Table 1 ; Fig. 6 ). NAC preadministration did not appreciably alter muscle neutrophil infiltration 1 hour after CS. MPO activity increased 24 hours after simulated fasciotomy, Values are expressed as mean ± SD; control = control group; CS = compartment syndrome; CS + NAC = group given N-acetylcysteine before CS; CS + NACd = group given N-acetylcysteine at CS decompression.
indicating pronounced neutrophilic infiltrate compared with that of controls. NAC reduced the MPO activity compared with CS regardless whether given before or after CS decompression. NAC pretreatment reduced neutrophil respiratory burst activity compared with that of controls. This was noted when whole blood was incubated without stimulating the neutrophils and also when incubated with rat serum opsonized E. coli to stimulate the neutrophils ( Table 2 ; Fig. 7 ).
Discussion
Reperfusion after prolonged ischemia results in a metabolic insult to the affected tissue greater than the ischemic injury alone [21, 58] . IRI also results in a systemic inflammatory response with the potential to affect tissues distant from the reperfused area. Acute respiratory distress syndrome, multiorgan failure, and death have been described as consequences of IRI [7, 15] . Neutrophil activation and infiltration have been identified as primary protagonists in the pathophysiology of IRI [10, 21, 22] . CS results in a much greater level of metabolic strain and cellular deterioration than IRI alone, and its treatment is urgent surgical decompression by fasciotomy once identified [18, 19, 37, 40, 49] . Despite the major morbidity associated with CS, there is no widely accepted clinical treatment to attenuate the reperfusion injury that follows fasciotomy. NAC is a potent free-radical scavenger that has intrinsic antioxidant properties and replenishes depleted glutathione stores [36] . It has a well-described, acceptable toxicity profile, proven in a critical-care setting [51] . We hypothesized NAC in a Fig. 4 NAC attenuated the detrimental effects of CS on skeletal muscle twitch contraction at 1 hour and 7 days after release of CS and prevented the effects of CS at 24 hours. NAC prevented CS-induced loss of contractile force at 24 hours even when given after the release of CS. Bar = mean; error bar = SD; control = control group; CS = compartment syndrome group; NAC = group given N-acetylcysteine before CS; NACd = group given N-acetylcysteine at CS decompression.
Fig. 5
Administration of NAC before onset of CS attenuated the CS-induced reduction in tetanic contraction at all times. This effect was reproduced even when NAC was given after the release of CS. Bar = mean; error bar = SD; control = control group; CS = compartment syndrome group; NAC = group given N-acetylcysteine before CS; NACd = group given N-acetylcysteine at CS decompression. simulated CS injury in a rodent model would preserve striated muscle contractility, decrease neutrophil sequestration, and reduce neutrophil respiratory burst activity.
We recognize certain limitations of our study. First, this is an animal model of simulated compartment syndrome using cremaster muscle, which therefore may not necessarily reflect the human physiologic responses to CS of an extremity and the model does not address neural injury in the involved compartment. The study was designed to determine the potential of NAC to attenuate the reperfusion injury to striated muscle after CS. Although our data suggest improved muscle function in terms of contractility in this model at as much as 7 days recovery, the data do not address nerve injury or long-term recovery of muscle function, therefore functional clinical outcomes cannot be directly inferred. Second, we assessed one dose of NAC (0.5 mg/kg) delivered parenterally but did not investigate the dose-response relationship; additional studies will be required to determine the optimum dose. Despite these limitations, we believe the data provide a valid argument for additional investigation of NAC's ability to reduce reperfusion injury following CS. Even if clinical muscle function is not maintained owing to nerve impairment, the improved muscle tissue viability as shown by improved contractility, and the reduced oxidant injury as evidenced by reduced myeloperoxidase and respiratory burst activity may correlate to a decrease in the inflammatory activity of the reperfusate and therefore, the systemic consequences of reperfusion.
We found muscle contractility was preserved using NAC given before or after decompression of CS. Liu et al. noted a similar protective effect after IRI as measured by improved arteriolar dilatation and tetanic contraction [30] . NAC also decreases muscle cell death attributable to IRI in mice as measured by malonyldialdehyde levels [8] . Thus, the apparent benefits of NAC seen in IRI models apparently apply in our CS model.
The increased neutrophil infiltration after CS release was not attenuated by NAC at 1 hour, suggesting NAC pretreatment did not alter neutrophil transmigration acutely. At 24 hours, however, there was a definite reduction in MPO activity in the NAC groups, whether given before or after CS. This indicates reduced neutrophil sequestration, implying a delayed protective effect of NAC. Two other studies have shown NAC decreases vascular permeability in rats after free-radical-induced injury [46, 53] . The ability of NAC to maintain endothelial integrity and decrease vascular permeability may explain the reduced neutrophil infiltration.
Activated neutrophils produce superoxide anions, ROS, and proteolytic enzymes, which mediate their injurious Fig. 6 CS increased MPO activity at 1 hour. NAC did not reduce MPO activity compared with CS initially. NAC reduced MPO activity at 24 hours compared with CS alone, whether given before onset of CS or after CS release. Bar = mean; error bar = SD; control = control group; CS = compartment syndrome group; NAC = group given N-acetylcysteine prior to CS; NACd = group given N-acetylcysteine at CS decompression. Values are expressed as mean ± SD; ranges in parentheses NAC = N-acetylcysteine; mcf = mean channel fluorescence. effects in reperfusion injury. Neutrophil respiratory burst activity correlates to the level of neutrophil activation and ROS production [38, 58] . The decrease in respiratory burst activity when animals were pretreated with NAC suggests it modulates its effects directly on the neutrophils, reducing their propensity to produce free radicals, possibly by its combined antioxidant and glutathione-replenishing activities.
Making the diagnosis of a CS is a critical clinical episode, particularly in the unconscious patient [34, 35] . Delay to diagnosis and treatment is the most important prognostic factor in CS [40, 48] . Fasciotomy may be associated with substantial surgical morbidity, but even after decompression, focal areas of muscle ischemia and hypoxia may persist [23, 24, 43, 47] . Preadministration with NAC to high-risk patients (such as patients with high-energy tibial fractures) may help reduce muscle injury and edema induced by CS. The efficacy of this agent, even when administered after decompression, has potential clinical applications in the trauma setting and warrants additional assessment.
Our data suggest antioxidant administration may represent a potential therapeutic strategy for management of striated muscle CS. In our experiments, NAC administration appeared to protect striated muscle against CS-induced injury by attenuating neutrophil activation. This effect was reproduced with NAC administration after the injury, suggesting a potential role for NAC in the attenuation of muscle injury even after release of CS. We suggest NAC may be an appropriate agent for a clinical trial in such a setting.
